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Th«  conception  of  the  hoattag  of  tiio  chrotnoaphoro 
by  comprootional  wave*,  origiaatli^  in  ragiono  of  tutbulanca 
eoanactad  with  tha  coavactiva  aoaa  of  tfaa  Sun*  ia  davalopad. 

It  is  shown  tfuit  in  dia  chromosphara  a  balanca  can  ba  raadiad 
batwaan  tha  aaargy,  produced  as  a  result  of  the  dissipation  of 
shock  waves,  and  die  energy  carried  away  by  radiation.  Tha 
shock  waves  provide  for  tha  appearance  ia  tha  chromosphara 
of  regions  with  different  temperatures  (a  tno>tampernture 
chromosphara). 

It  is  shown  diet  tha  dissipation  of  ma^etcdiydrodyMmic 
waves,  because  of  losses  due  to  friction,  cannot  provide 
sufficient  energy. 

The  lowering  of  die  chromosphere  above  spots  is  ex> 
plained.  The  vahia  of  tha  density  gradient  ia  the  ehromos* 
phara  is  discussed.  An  attempt  is  made  to  form  a  gesMral 
idea  on  tha  chromos|diare  and  on  its  generation. 

The  whole  structure  of  the  chromosphere  is  determined 
mainly  by  the  value  of  the  energy  flux  ia  acoustic  noises, 
generated  by  turbulence  produced  ia  the  convective  soae  of 
the  Sun. 
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Reccatly  much  work  wa*  published  devoted  to  the  structure  of  the 
chromosphere  and  the  possible  ways  of  its  heating.  Many  of  them  in  some 
measure  supplement  and  extend  each  other,  and  at  the  present  time  on  tiie 
basis  of  this  work  one  can  attempt  to  put  together  for  oneself  several 
general  ideas  on  the  chromosphere.  In  the  present  work  an  attempt  will 
be  made  to  create  such  a  scheme  on  the  basis  of  ideas  of  the  energy  balance 
in  the  chromosphere.  In  1948  Biermann  [l]  and  Schwarnschitd  [2]  put  for¬ 
ward  the  supposition  that  the  kinetic  energy  of  granulation  in  some  way  (say, 
in  the  form  of  sound  waves)  reaches  the  corona  and  heats  it  to  high  tempera¬ 
tures.  It  appears  that  granulation  corresponds  to  enormous  quantities  of 
energy  and  even  small  portions  of  it  in  a  condition  make  up  for  the  loss  of 
radiation  in  the  chromosphere  and  the  corona  through  rsuliation.  Schatsman  [3l 
showed  that  when  a  granule  rises  turbulence  must  appear,  giving  rise,  in 
its  turn,  to  compressional  waves,  quickly  being  changed  into  shock  waves  by 
spreading  upwards .  On  the  basis  of  the  theory  of  dissipation  of  shock  waves, 
worked  out  by  Briiskley  and  Kirkwood  [4]>  was  carried  out  the  computation  of 
the  dissipation  of  shock  waves  and  it  was  shown  in  particular,  that  in  die 
lower  corona  the  shock  waves  must  dissipate  entirety,  since  there  the  leagtii 
of  the  free  path  becomes  equal  to  the  length  of  die  wave  (distance  between  fronts). 
On  the  other  hand,  the  conductivity  of  die  corona  is  so  great,  that  equilibrium 
is  established  by  a  very  small  gradient  of  temperature  over  all  layers,  where 
there  is  the  highest  possible  energy  discharge.  In  1955  Unno  and  Kawa)>ata[5l 
investigated  in  detail  the  process  of  formation  of  compressiomat  waves  - 
accoustical  noise,  capable  of  heating  the  chromosphere  and  Ae  corona.  They 
made  use  of  the  theory  of  aerodynamic  generation  of  sound  waves  (noise) 
developed  by  Proudman  [6]  and  Lighthill  (7]  ,  and  the  model  of  convective 
zones,  suggested  by  Vitense  [8]  .  They  concluded  that  tike  flux  of  energy 
upwards  is  approximately  10'-  10^  ergs/cm^  per  sec,  and  that  this  flux  is 
proportional  to  the  8th  power  of  the  adopted  value  of  turbulent  velocity,  so 
that  the  increase  of  the  latter  by  one  and  one-half  times  wilt  call  forth  an 
increase  of  greater  than  25  times  in  the  estinmted  magnitude  of  the  flux. 

The  turbulent  velocity  adopted  in  [s]  is  equal  to  8%  of  tike  convection  velocity, 
which  is  possibly  underestimated  by  several  percent  (see  [9]  )•  as  for  exanqile, 
a  value  of  11%  of  convection  velocity  gives  a  flow  10  -  15  times  greater. 

In  1956  Piddington  [lO]  noted  that  the  passage. of  sound  waves  in  conditions 
of  a  highly  conducting  medium  in  tiie  presence  of  magnetic  fields  must  give 
rise  to  a  spreading  of  magneto-hydrodynamic  waves,  the  dissipation  of  which 
could  explain  the  heating-up  of  the  chromosphere.  Piddington  gave  the 
formula  for  estimation  of  dissipation  of  magneto-hydrodynamic  waves  by 
means  of  so-called  frictional  toss. 

In  recent  years  more  than  once  the  consideration  has  been  stated  that  in 
the  chromoqihere  hot  and  cold  regions  must  co-exist  [1 1  -  14]  .  Not  tong 
ago  Athay  and  Menzel  [15]  ,  on  the  basis  of  observational  material  of  the 
eclipse  of  1952.  constructed  a  model  of  such  a  two -temperature  chromos- 
j^sre.  Athay  and  Thomas  [l6]  theoretically  showed  tiie  necessity  for  the 
existence  of  regions  with  different  temperatures,  thus,  up  to  a  certain 
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height  legionc  with  ?ow  temperaturee  (6300*)  predominate^  and  above* 
region*  wiih  high  temperature*  (19000*). 

Within  each  region  the  temperature  change*  little  with  height.  The 
eetablifthment  of  one  or  another  temperature  i*  conditioned  by  the  balance 
between  the  escaping  energy  and  the  cooling  mechanism;  Jump*  in  temp* 
erature  are  connected  with  the  transition  from  cooling  due  to  radiation  of 
hydrogen  to  cooling  by  radiation  of  helium*  which  ia  effectively  smaller 
for  other  temperature*. 

Scbklovsky  and  Kononovich  [l7l  •  seeking  to  tie  in  the  data  of  optical 
observation*  with  observation*  in  radio  bands*  given  in  [l8j  *  showed  that 
the  values  for  temperatures  must  be  decreased  to  values  of  6000*  and 
12000*  accordingly.  We  considered  the  poseibility  of  formation  of  regions 
with  different  temperatures  due  to  accoustical  waves  for  an  atmosphere  of 
pure  hydrogen. 

The  work  was  based  on  the  following  ideas.  Beneath  the  photosphere* 
in  the  convective  sons  of  the  sun*  part  of  the  energy  of  the  directed  motion 
of  convective  elements  is  converted  into  energy  of  non*directed  turbulent 
motion.  In  a  turbulently  moving  medium  chaotic  scattered  condensation  and 
rarefaction  continuously  occur.  The  rise  of  the  latter  is  accompanied  by 
the  formation  of  compressional  waves*  which*  because  of  the  chaotic 
character  of  this  same  turbulent  motion*  bear  an  i  rregular  character* 
generatving  accoustical  noise.  These  waves  pass  through  the  photosphere* 
virtually  not  being  absorbed  in  it.  The  velocity  of  magneto *hydrodynamic 
waves  in  regions  of  formations  of  compressional  waves*  apparently*  is 
considerably  less  than  the  speed  of  sound*  so  that  theejection  of  energy 
from  turbulent  cones,  connected  with  convection*  must  occur  on  the  whole 
because  of  sound  waves.  As  waves  spreading  upwards  become  shock  waves* 
gaps  ar4Se  in  them  [zi]  .  The  velocity  of  magaeto*hydrodynamic  waves 
increases  with  height  far  faster  than  the  velocity  of  sound  waves,  and  at  a 
certain  height  becomes  equal  to  it.  In  the  chromosphere  the  absorption  of 
waves  increases;  the  part  of  the  flux  of  energy  traneferable  by  waves  is 
converted  into  heat.  One  of  the  problems  of  the  present  work  ie  to  clear 
up  by  what  method  the  greatest  quantities  of  heat  are  diecharged;  by  die* 
eipation  of  sound  waves  because  of  viscosity*  through  dissipation  combined 
with  non*adiabatic  compression  of  gas  by  passage  of  shock  waves  of  weak 
intensity*  or  by  dissipation  of  magneto*hydrodynamic  waves  arising  due  to 
diffusion  of  compressional  waves.  Discharge  of  energy  due  to  Joule  heat 
is  very  slight;  1  considered  the  toss  of  magneto*hydrodynamic  waves  as 
due  to  collisions.  This  loss  was  great  only  where  the  ionisation  of  ^ae  was 
very  slight. 

The  heating  of  the  chromosphere,  connected  with  passage  of  wave#)* 
competes  with  its  cooling  by  radiation.  The  problem  consists  of  clearb&g 
up  whether  by  dissipation  of  waves  in  the  chromosphere  euch  quantities 
energy  can  be  discharged  sufficient  to  cover  the  expenditure  of  energy  in 
radiation.  It  is  supposed  that  the  flux  of  energy  is  coatintM>us  in  time*  aas5 
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at  ever/  moment  of  trme  the  radiation  ie  equal.  For  the  answer  to  this 
question  it  U  necessary,  first  of  all,  to  ascertain  what  radiation  causes 
cooling  in  one  or  another  layer  of  the  chromosphere.  On  the  whole  ttie 
calculations  of  the  present  work  are  concerned  with  the  lower  chromosphere. 


Eve:ry  section  of  the  chromosphere  ie  in  a  field  of  radiation  extending 
from  above  and  from  below.  For  those  sections  for  which  the  optical 
thickness  is  very  great,  the  quantity  of  cmergy  absorbed  in  a  certain  volume 
must  be  equal  to  the  quantity  of  radiated  energy.  For  example,  the  radiation 
in  lines  of  the  Lyman  series  in  this  sense  cannot  originate  from  the  lower 
chromosphere,  since  the  absorption  coefficient  for  these  lines  is  on  the 
order  of  and  even  at  heights  where  the  concentration  of  non* 

ionised  atoms  of  hydrogen  is  the  optical  thickness  reaches  a  total 

of  unity  m  less  than  1  km.  Leaving  the  chromosphere  the  flux  of  Lymen-a 
radiation,  cools  higher  layers  of  the  chromosiriiere,  on  the  whole,  hn  tiie 
lower  chromosphere  the  cooling  agent  can  only  be  Balmer  radiation,  eince, 
starting  with  some  not  very  great  height,  the  chromosphere  is  practically 
transparent.  We  show,  for  example,  that  the  chromosphere  is  transparent 
in  the  center  of  line  Ho  up  to  the  height  of  1000  km.  For  this  it  is  sufficient 
to  avail  oneself  of  the  formula  (usual  notation^: 


S 


VQ 


m^c^  A\j) 


4k' 


AVj)  = 


Indeed,  we  assume  that  the  temperature  in  lower  layers  of  the  chromosphere  is 
roughly  equal  to  6000**,  and  that  the  quantity  of  atoms  of  hydrogen  at  the 
second  level  cam  be  calculated  by  Boltzmann's  formula  (the  optical  thickness 
in  Lyman*a  is  very  great  *  hence  such  an  assumption  seems  quite  acceptable!. 
Then  =  3*  10"^q  and  S^q (HqI^qqq*  =  6*  10*^^.  According  to  data  on  density 
of  the  chromosphere,  reduced  in  [2S]  ,  we  can  estimate  that  a  column  of 
section  1  cm^  above  the  level  of  1000  km  in  the  chromosphere  contains  less 
than  4  10^^  hydrogen  atoms,  so  that  oo 

^1000km<«a)  =  ^  NQdKl.  «•  10'^^.  4- 10^° <  1, 

1000  km 


from  whuch  it  follows  that  above  1000  km  the  chromosphere  can  be  considered 
as  transparent  for  radiation  in  Ha. 

• 

We  have  assumed  that  radiation  in  Ha  gives  a  sufficiently  good  notion  on 
the  cooling  of  the  layers  considered  in  the  chromosphere.  This  is,  to  be  sure, 
a  first  approxinnation.  but  the  data  of  the  investigation  permits  us  to  introdues 
corrections  to  it.  where  required. 


One  must  keep  in  mind  that  only  true  absorption  of  Ha*quanta  hinders  the 
cooling  of  the  chromoephere.  • 

Radiation  of  the  chromosphere  in  line  Call  •  the  strongest  metallic  line  - 
has  the  same  order  of  values  as  radiation  in  Ho  (see  for  example  27,  33 
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For  the  construction  of  a  general  model  of  the  chromosphere  there 
is  no  immediate  necessity  to  Vfotk  from  precise  values  of  density  at  given 
heights.  It  is  important  to  have  the  correct  relationship  of  the  extent  of 
ionisation,  kinetic  temperature,  etc.  to  density,  and  (to  have)  the  approximate 
relationship  of  density  to  height.  Only  a  later  theory  of  the  chromosphere 
will  explain  the  value  of  the  density  gradient  and  its  change  in  relation  to 
height  and  time.  Hence,  later  on  we  will  study  the  relationship  of  various 
processes  to  density  and  not  to  height  in  the  chromosphere. 


By  simple  reasoning  it  is  possible  to  show  that,  for  the  calculation 
of  ionization  and  density  of  population  of  lower  levels  of  hydrogen  atomSi 
we  can  use  the  formula  of  Saha  and  BoUsmann.  The  fact  is  that  according 
to  nearly  alt  models,  the  temperature  in  the  lower  chromosphere  is  on  the 
order  of  6000*,  the  bordering  temperatures  on  the  sun  are  ^4500* ;  and 
since,  for  ionising  radiation  (continuum  beyond  the  limits  of  the  Lyman 
series)  and  for  the  first  lines  in  the  Lyman  series  giving  rise  to  the  excitation 
of  atoms,  the  chromosphere  possesses  great  optical  thickness,  that  field 
of  radiation  is  near  to  the  value  corresponding  to  the  Intensity  of  radiation 
of  a  black  body  with  temperatures  of  5000*  -  6000* .  Under  these  conditions 
ionization  by  electrical  shock  plays  an  insignificant  part. 


Further  on  we  will  need  the  value  of  the  extent  of  ionisation  of  hydrogen 
and  its  radiation  in  Ha.  According  to  Saha's  formula  the  value  will  be 
calculated 

y  s  .JB  and  X  =  ( 1) 

^  0  np+n  0 

(Op  -  number  of  protons,  and  -  number  of  neutral  hydrogen  atoms  in  1  cm^) 
for  various  concentrations  from  5*  10^^  to  5*  10^  atoms/cm^  and  for  temper¬ 
atures  from  4^00  to  7000* .  It  usas  assumed  that  at  these  heights  nQ^ap. 

The  results  of  the  calculations  are  shown  in  Figure  1.  According  to  the 
data  radiation  m  Ha  per  1  gr  hydrogen  was  calculated; 

1 

E  =  n'2  e*  kT  .  (2) 


which  for  convenience  was  presented  in  the  form 


(3) 


It  was  assumed  that  the  number  of  atoms  in  3  through  m  levels  could 
be  computed  by  Boltsmann's  formula  The  necessary  constants  are  tstken 
from  [20]  .  The  calculation  was  carried  out  for  the  same  values  of  density 
and  temperature  as  above.  The  results  are  shown  in  Table  1. 


In  order  to  compare  what  waves  give  greater  output  of  energy  by  dis¬ 
sipation  in  the  chromosphere  we  calculated  and  compared  the  coefficivats 
of  dissipation  for  magneto-hydrodynamic  waves  and  for  weak  shock  waves, 
and  we  calculated  also  the  damping  coefficient  for  compretsional  waves  due 
to  viscosity.  The  flux  of  energy  in  waves  in [5]  was  assumed  to  equal 
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F  ~  evgt/  cm^sec.  Thi*  tame  value  can  be  obtained  if  one  proceeds 
from  the  data  on  the  thermal  radiation  of  the  corona  [Z]  and  from  the 
assumption,  that  all  of  this  energy  originally  is  supplied  by  compressional 
waves  (accoustical  noise).  Taking  into  account,  however^  that  the  flux 
of  energy,  as  will  be  apparent  further  on,  is  several  times  weaker  la  the 
chromosphere,  we  assume  the  value  F  5*  lO^ergs/cm^sec.  According  to 
independent  calculations  of  Schatzmann  [33  and  Unno  and  Kawabata  [5]  one 
assumes  that  ^vavc  frequency  0  6  sec*^. 


For  the  damping  coefficient  of  magneto  •hydrodynamic  waves  we 
Pidiington's  [lo]  formula: 

K  -iilhl- 

2Vj|S(l+»)‘t 


usea 


'  *  V  ^  ^  ”  vSTcI  ' 

~  ^  '  2.  3*  10^^  cm^, 

n  ^  4  no  V 


where  S  0.6  sec 

3  I 


(4) 


r*  /‘'T 

V  =  V3  c.  c  -y  (c-  speed  of  sound,  because  of  the  great  role  of 

fi  1 

radiation,  speed  of  sound  is  supposedly  isothermic),  p  =Nmjj,  and/^a— j— 

In  the  usual  designation  H  is  taken  as  ^20  grams.  Finally,  taking  into 
consideration  (I)  we  have 


l-x  1  D 


1-14 


(5) 


Table  1 


E,  erga/gr-  aec 


TT 

r"r""  r - 

1 

5- lol^ 

5  IqH 

5-  lO’ 

51^ 

4800* 

2.  23-  10** 

2.  22-  10* 

2.  21-  10* 

2  15- 10* 

2.  00-  10* 

5000 

7. 35  10* 

7  34- 10® 

7.  20-  10* 

6  85  to* 

5. 84  10* 

5200 

5400 

5600 

5800 

6000 

6200 

6400 

6600 

6800 

7000 


2.  00 
5.40 


109 

109 


I  32-  10 


10 


3.  32 
7.06 
1.40 
2.  74 
5.26 
8.  98 
1  53 


io»o 
lolo 


10 

10 

10 

10 

10 


11 

11 

11 


12 


1  98 

5.  30 
1  29 
3  06 

6.  56 
1  24 


109 
109 
10 
>10 


1.92 


2  30  10 
3. 97  10 


10 
10' 
io»o 
loll 
11 
11 


01 

17 


109 

109 


II  6.  06- loll 


8. 92- 10 


11 


2  62 
5.  20 
8.  54 

1.  36 
1.76 

2.  23 
2.  30 


lolo 
lolo 
lolo 

1010 

1011 
loH 
loll 
loll 


1. 75- 109 
4. 20  109 
8. 93- 109 
1.65  10 


2.  59  10 

3.  02- 
3  57 
3.  17- 
3.  03 
2.86- 


10 
10 
lolo 
loi® 


10 


10 


lOlO 

10»0 


1. 31* lo9 

2.  5«  109 

3.  96-  109 

.6.  10- 10^ 

5.41-  10^ 

4.  57  lo’ 
4.  46*  109 
3.59-  109 
3. 35  109 


(6) 


avt\  the  <Us9ipation  of  energy  per  I  gr 


I 


1 


DF 


*  (1  +  x)‘4  p\  Th 

v^here  F  is  the  flux  of  energy  in  waves,  and  p  is  the  density  of  the  substance. 

The  damping  of  sound  waves  due  to  viscosity  may  be  calculated  with  the 
aid  of  the  coefficient  [ZlJ  : 


"VJ8 
2 

^vis  ^ 

pc^ 


(7) 


M^here  y\  is  the  dynamic  coefficient  of  viscosity.  Since  ^  S  ntni£VjX|# 

uhere  K|  is  the  average  length  of  free  path  of  i-particles,  equal  to 

10 for  collisions  with  neutral  atoms  (N  is  the  common  number  of  particles 

^  a  10^3 

in  1  cm^)  and  for  collision  of  ions  then 

.16 


(8) 


c  P  13 

The  lowest  possible  value  -  ^  10  ,  which  corresponds  to 

x=  1«  i.  e. ,  complete  ionisation.  In  the  lower  chromosphere,  where  in  (S) 
we  can  ignore  the  second  term,  we  have  according  to  (7): 


K....  =1;-“  ;  G  =  5.  3  10“^^ 


■‘VIS 


(9) 


E  ,  .i:JL  ^ 

vis  \^x 


(10) 


The  expression  for  the  damping  coefficient  for  faint  shock  waves  is  easily 
obtained  from  the  formula  for  changes  in  entropy  at  the  fr<mt  of  weak  shock 
waves  [30j  .  Changes  in  entropy  by  passage  of  a  front  of  a  shock  wave, 
calculated  for  1  gr  of  matter  works  out  as: 

AS=-rV4if^^  (Ill 


^  Tli;zjg  (pi-P2)^- 


1 


Together  with  the  adiabatic  curve  of  Poiaaon  pVt  s  conat,  V  a-p  ,  thia 
givea,  for  a  weak  ahock  wave,  a  heating  by  the  paaaage  of  the  front  of 


h  =  TAS  * 


12 


1  v+  1  VA  p3  I  (Y+  1)  y  p  AV* 

-jiz — Iz - - 


(12| 


In  a  1  cm  path  of  the  wave  dW  >*ph,  where  W  ia  the  entire  energy  in  the  ahock 
wave.  The  coefficient  of  abeorption  ia  the  value  K  from  the  ratio 


K 


W 


J!iL- 

W  ~ 


dF 

F 
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'A  e  aapume  that 


Wq  -  Po"  Uto  «  Foto- 


(14) 


vkhere  U  is  the  velocity  of  the  front,  u  ie  the  velocity  of  the  substance  behind 
tlie  front,  and  tg  is  the  time  interval  characterizing  the  steepness  of  the  front 
IFig.  6). 


Taking 


Connidering  that  tg  characterises  the  quasi-period  of  the  wave;  UtgsX. 
ng  into  account  that  P  where  c  ie  the  speed  of  sound,  we  have 


h  = 


/  ♦  1  c^AV^ 
12 


(15) 


F rom  th«  term  p  (U  - 
(13)  and  1 14)  in  (13)  we 


*  PqU  compute  A  V/V  and  finally*  subetityting 
e  obtain  K.w  -  ,  which  for  tQ  s  iQ  and  «  5/  3 

12  C^tQ 


gives  the  expression 


K 


-  _L  “  -  1 

sh  “  45  7^  ■  45  cSi  p>l 


(16) 


N^here  u  is  the  velocity  of  the  movement  of  matter  in  wave  N  U  =  An 
analogous  expression  is  used  in  (3).  We  can  write 

K,u  =  vv  -ra-  >L- (17) 


whence 


«h  ~  (1  i-x)W  ph  f«<< 


MF 


K 


.  •h-TrT^)?5*pir“W' 

The  flux  of  energy  with  height  changes  when 

2 


(18) 


F=  (^g_  (19) 

Values  ^vis  ^sh  represented  conveniently  for  the  caU 

tion  in  the  form  (F  =  5-10^  ergs/cm^  sec): 

^  1  .X  2.82-  lo26  f  1  . 

^mh  ll^xi  ' 


(20) 


“•vis 


_  1  -  X  9.4-  10^^ 
~  1  t-x  TN^ 


S'  _5.  5-  1031  r  1 
•**  N  ^  [l  +  *] 


(21) 

(22) 


Values  of  E,  computed  by  this  formula,  for  varioua  densities  and  temp- 
^  eratures  are  given  in  Table  2. 

For  comparison  of  the  importance  of  various  mechanisms  of  dissipation 
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o 


oi  (nexg)  ,  coefficients  and  Kg|^  were  computed  on  the  supposition 

that  F  =  104  ergs/cm^srjc  (Fig.  Z)*  for  various  values  of  N,  temperature 
T  -  6000*  and  ionisation  as  determined  according  to  Figure  1.  In  Figure  2 
it  is  apparent  that  dissipation  of  magneto-hydrodynanuc  waves  can  play  an 
appreciable  role  only  in  the  very  bottom  of  the  chromosphere,  but  that  due 
to  great  density^  th<'.  dl^vLarge  of  energy  perl  gi;  a^nd  consequently  the  heating, 
iB  very  small.  We  have  no  basis  to  assume  that  hydrogen  remains  almost 
totally  non-ionised  up  to  a  considerable  height.  In  addition,  one  must  keep 
m  mind  that»  as  B.  E.  Stepanov  has  pointed  out,  the  value  K^nh 
according  to  Piddington‘s  formula  is  much  higher.  If.  aside  from  the  value 
K,  the  exit  of  energy  depends  further  on  the  correlation  of  the  velocity  of 
shock  and  magneto-hydrodynamic  waves,  then  the  discharge  of  energy  in  the 
lower  chromospheie  stays  less  than  E^ii  since  is  small. 

In  the  chromosphere  Kgj^  and  Kyi,  are  on  the  order  of  10"®  cm"^;  this 
means  that  throughout  the  chromosp^here  the  flux  of  energy  changes  in  all  by 
several  times,  i.  e.  ,  formulas  (6),  <I0)  and  (19)  can  be  used. 

The  balance  of  energy  in  the  chromosphere  must  be  provided  for  by  the 
equality  of  energy  emitted  by  dissipation  of  wave  £  and  the  energy  carried  off 
by  radiation  S  • 


Table  2 


^sh' 


N 

T 

5- 10^2 

5  10^^ 

5.  lo'io 

5.  109 

5-  10* 

5000* 

6000 

7000 

1. 17- 10® 
6.97-  lO"^ 
5.94-  lo"^ 

3.661o9 

2.  61- 10^ 
1.41*  109 

1. 14- 10^1 
6. 77- 10** 
3.48- 10** 

3.40-  10*2 
1.58  10*2 
1.03-  10*2 

9.31- 10*^ 
4.09- 10*3 
3.  29- 10*3 

5000* 

6000 

7000 

3,  38-  lO"^ 
4.02-  10^ 
6.50-  10® 

4.46  10*  5.85  1o9 

4.9510'^  5.  30- 10* 

5.  45- 10*  2.84*10^ 

7.40-  10*® 
4.  02  10^ 
2.  80-  10* 

8. 35- 10** 
1.84-  10*® 

2  18- 10* 

5000' 

6000 

7000 

7.50- 10^ 
5.90  10^ 
3. 38  10^ 

®'vl.'  erg»/gr  a«c 

7. 45- 10*  7. 20- 10^* 

5.10  10*  3.47- 10^* 

1.56- 10*  3.30  1o9 

6.  50  10*2 
1.  35- 10*2 
5.45-  10** 

4.88' 10*3 
2.38* 10*3 
2.68*  10*^ 
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In  F  guv*'  3  hs.ve  plotted  the  dependence  of  Ha  on  the  value  N  - 
the  conc«:ntration  of  h/drogen  atoms  and  ions  in  1  cm^  for  various  possible 
temperature  values,  and  also  the  dependence  of  these  same  parameters  for 
quantities  of  energy  emitted  by  dissipation  of  shock  wavss.  Curve  £  hardly 
changes  uith  temperature,  but  for  each  value  of  N  it  intersects  with  the 
curve  for  £  ,  of  tome  corresponding  temperature 

From  the  drawing  Figure  3  one  can  determine  at  what  temperature  at 
a  given  height  (for  a  given  density)  it  is  possible  to  assume  a  balance  of 
energy.  From  this  drawing  it  is  apparent  that,  starting  with  some  height, 
whatever  the  value  of  temperature  of  the  hydrogen  radiation,  no  condition 
provides  a  balance  between  emitted  energy  and  energy  carried  off.  According 
to  fl6]  this  indicates  that,  for  a  given  flux  of  energy,  the  radiation  of  hydrogen 
cannot  provide  a  balance,  and  that  here  a  leap  in  temperature  must  occur,  to 
that  value  at  which  some  other  mechanism  of  cooling,  -  for  example,  cbe 
radiation  of  ionized  helium  (temperature  on  the  order  of  12000  •  19000*  lO  * 
enter*!!  into  operation.  For  a  nearly  invariable  flux  of  energy,  starting  at 
some  height,  the  temperature  in  the  chromosphere  must  increase  sharply. 

In  other  words,  this  can  be  expressed:  above  some  level  in  the  chromosphere 
hot  regions  must  predominate;  below  some  level,  cold  regions  must  pre* 
dominate . 

It  is  necessary  to  note  that  in  hot  regions  the  optical  thickness  of  lines 
of  the  Lyman  series  remains  great  to  a  considerable  height  [230  •  With  the 
aid  of  drawing  Figure  3  we  can  determine  the  dependence  between  the  con* 
centration  of  hydrogen  atoms  and  temperature  for  lower  portions  of  the 
chromosphere.  This  dependence  is  given  in  Figure  4.  The  data  of  Figure  4 
can  be  used  (with  the  aid  of  Figure  1)  in  order  to  find  the  dependence  of  the 
degree  of  ionization  of  hydrogen  x  on  the  concentration.  This  dependence  is 
given  in  Figure  I  -  thick  line.  It  is  apparent  that  the  path  of  ionisation  with 
density  is  rather  abrupt.  The  results  obtained  agree  well  with  the  results 
of  Wooley  and  Allen  [24l  who  also  obtained  an  abrupt  path  of  Ionisation,  although 
half  ionization  was  obtained  for  the  same  value  and  same  temperature  as  ours. 

W<*  can  make  an  attempt  to  explain  the  existence  of  hot  regions  below  the 
level  where  this  transition  takes  place  by  the  natural  decrease  of  density 
with  height.  The  superimposing  of  waves,  the  fluctuation  of  flux  of  energy 
can  lead  to  an  increase  in  the  flux  of  energy  in  some  regions.  Assuming  that 
at  a  given  level  the  gas  pressure  is  a  fixed  value,  we  must  assume  that  value 
N  will  change  inversely  proportionally  to  T,  since  p  « (1 'l*x)NkT.  Hence 
according  to  formula  (22)  the  discharge  of  energy  must  be  proportional  to 
T  .  For  each  value  of  density  there  is  a  value  of  temperature  close  to 
which  the  slope  of  the  curves  for  S  becomes  lass  than  1/4.  This  means  that 
if,  for  tills  density,  by  a  sudden  increase  in  temperature  a  elated  critical 
value  is  reached,  then  the  increase  of  temperature  will  continue  until  a  new 
mechanism  of  cooling,  providing  sufficiently  effective  rejection  of  heat,  will 
be  effective.  In  other  words,  for  a  given  density,  as  soon  as  that  value  of 
temperature  is  reached  where  radiation  depende  on  temperature  to  an  extent 
less  than  1/4,  a  jump  in  temperature  must  occur  at  a  level  lower  than  that 
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a  iecreaef  af  deri»ity  v«ith  height  for  a  simitar  ca«a.  Sudden 
j.>:rca  in  th«*  flux  of  energy  In  any  region  can  he  very  important «  The 
of  the  flux  leads  to  the  te-eree  formation  of  cold  regions.  Of 
oouTSf  *  a  change  in  flux  ox'  a  sudden  change  in  to^iperalure  can  result  in  the 
form  Hion  of  hot  regioxis  ot  ly  in  the  cases  uhero  Jiese  changes  are  siaable 
*>nou}a  that  they  cannot  be  compensated  for  by  the  change  in  hydrogen 
radiiaon.  Thus,  the  same  hot  regions  prove  to  be  dynamic  formations* 
the  i  fe-time  of  which  is  not  very  great. 

The  thinning  of  the  obrerved  chroriospherc  above  spots,  mentioned  by 
\hstel  ,IlJ  and  Krat  [^l]  can  be  explained  also.  Really,  if,  in  regions  of 
n\  gnetic  fields,  total  pressure  equal  to  the  sum  of  magnetic  H^/iw  and 
,7|^eou*?  ( I  ^  x)  NkT  pressure  must  h<  equal  to  gaseous  pressure  from  the 
(jJsice,  and  the  temperature  in  the  region  of  the  magnetic  field  (for  example 
r.xove  a  spot)  and  outside  of  it  are  th*:  same,  then  equilibrium  is  possible 
mly  ^>ru(*n  the  density  in  the  regions  v/ith  magnetic  fields  is  less  than  in 
adjacent  regions.  And  the  d*^.create  density,  as  was  shown  above,  leads 
to  an  mcreafie  in  the  output  of  energy  and  consequently  to  the  formation  of 
ho'  r*!gions  at  comparatively  lower  iieights.  Cor sequently  we  propose  to 
calculate  the  possiLb?  contrast  between  hot  and  cold  regions  which  must  be 
oh^?erved  m  Ha  and  compare  this  with  the  observed  contrast  between  dark 
and  bright  details  of  the  chromospheric  layers  of  nonperturbed  regions  on 
the  solar  di«k.  The  question  of  reflection  of  accoustic  waves  in  the  chromos 
phore  i%  studied  in  fsj  .  One  can  consider  that  accoustic  waves  experience 
reflection  only  at  the  edges  of  a  region  of  a  jump  in  temperature.  In  the  case 
considered,  the  flux  changes  only  by  a  factor  of  two,  not  changing  on  the 
order  of  magnitude,  since  according  to  Schatxmann  the  flux  of  energy  changes 
aversely  proportionally  to  the  square  of  the  speed  of  sound,  i.  e. ,  proper* 
t  onaPy  to  ths  ratio  of  terhperature.  For  magneto* hydrodynamic  waves  the 
reflection  in  the  chromosphere  is  insignificant  [io]  . 

In  the  same  lower  portions  of  the  chromosphere  the  temperature, 
apparently,  is  less  than  SOOO*  .  The  energy  radiated  in  ti\ese  regions  can 
ht  djschixged  by  the  already- mentioned  dissipation  of  magne to hydrodynamic 
^.taver.  and  fn  yielded  because  of  heat  conductivity.  Continuous  emission 
emitted  from  these  layers  arises  chiefly  because  of  the  formation  of 
negative  hydrogen  ions.  It  is  necessary  to  keep  in  mind  that  part  of  the 
radfatiori  in  the  continuouiG;  spectrum  can  be  explained  simply  ty  scattering 
o?  photospheric  radiation,  i.  e. ,  not  aU  the  radiation  emitted  frem  these 
biyerif  results  in  cooling  them. 

For  upper,  hot,  and  completely  ionised  layers  of  the  chromosphere 
comparison  of  £9]^  with  the  calculation  for  radiation  of  ionised  helium, 
made  in  [l6l  shows  that  because  of  compression  waves  a  sufficient  quintity 
of  energy  emitted. 


if- 

The  formation  of  hot  or  cold  regions  can  be  connected  with  the  fluctuation 
of  density  at  a  given  height. 
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One  can  attempt  to  estimat*  roughly  at  what  height  br«ak-off  points 
appear  in  sound  waves,  and  at  what  height  these  break-off  points  become 
so  great  that  it  is  impossible  to  consider  them  faint. 


A  profile  of  a  sound  wave  is  shown  on  the  upper  pwrtion  of  Figure  7. 
Point  B  moves  in  a  stationary  system  of  coordinates  with  die  speed  of 
sound  wave  c,  and  point  A  moves  srith  speed  ua  c.  The  velocity  of  point 
A  relative  to  point  B  is  equal  to  u.  Roughly,  we  can  consider  that  die 
break »off  point  occurs  when  the  situation  is  fulfilled  diat  is  represented  in 
the  loeer  portion  of  the  figure,  i.  e. ,  when  A  advances  relative  to  point  B 
by  a  distance  X/4.  At  this  time,  equal  to  say,  t,  the  wave  advances  a 
distance  L.  Thus 


Consequently, 


t 


c 


;  K  X  ctg  ; 


L* 


4pii 


=  2.5 


N 


Assuming  T  =  5*  10^  and  F  =  10^  we  obtain  Lw  5N  ^  .  Thus,  in  the  same 
lower  portions  of  the  chromosphere  where  N  =  10^^,  LwS*  10^,  i. e.,  for 
the  whole  length  of  a  500  km  path  the  sound  wave  crosses  the  shock  wave. 


The  formula  for  shock  waves  of  weak  intensity  cannot  be  used  if  u>  c. 

If  becomes  several  times  greater  than  unity,  the  shock  wave  must  be  coo- 
lid^red  as  strong;  it,  as  is  known,  fades  more  sharply  than  a  shock  wave  of 
weak  intensity. 


The  value  u  x  c  attained  for  density  p  •  determined  from  the  ratio 


u . 
c  * 


s  It  i.  e. »  when 
F 


and  N  =- 


lO^m^ 


k  ^  T\ 

For  higher  layers  of  the  chromosphere  T  w  2*  10^  so  that  the  break-off  point 
becomes  large  at  NsrlO^^,  I.  e. ,  the  above  leap  in  temperature. 


Since  at  heights  where  N  =  10^^  the  density  in  the  chromoephere  changes 
very  slowly  with  height,  then  u  must  be  several  times  greater  diaa  c  at 
rather  great  heights.  Hsnce  the  cxamiaation  carried  out  ia  the  present  work 
can  be  shown  to  be  correct  for  great  heights.  It  is  possible  that  magnetic 
fields  also  retard  the  formation  of  strong  break-off  points. 


We  investigate  the  question  of  the  dependence  of  density  on  height.  For 
layers  with  constant  temperature  gradients  the  density  must  bs,  in  the  ease 
of  T  =  5000*  and  a  non-ioaised  medium  (lower  chromosphere). 
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and  for  the  case  T  *  19000*  and  full  ioaiaatioa  P2  * 

In  connection  with  the  fact  that  with  the  increase  of  height  the  relative 
quantity  of  hot  regions  is  increased,  one  noust  note  the  smooth  transition 
of  gradient  values  of  density  p  from  large  values  to  smaller  ernes.  In 
Figure  5  is  shown  the  observed  trend  of  densities  accordiim  to  the  data  of 
Van  de  HulstT^^  drawn  through  the  gradients  of  6.  56-  10"*  and  0.  57*  10*^. 

For  cold  regions  of  the  chromosphere  the  theoretical  dependence  of  density 
on  height  (dotted  line  on  Figure  5)  is  constructed  with  the  aid  of  Figure  4 
and  numerical  integration  of  the  equation  of  hydirostatic  equilibrium : 

h2  -  hi  =  |(l  +  x»  dN.  (24) 

Ni 

• 

From  the  initial  point,  the  value  N  -  10^^*  ^  at  height  h«  1000  km  is 
assumed  [25]  .  As  should  have  been  expected,  this  dependence  falls  more  • 

steeply  than  the  observed  curve,  which  fact  is  connected,  as  shown  above, 
with  the  increase  of  relative  quantity  of  hot  regions  with  height. 

It  is  necessary  to  take  into  account  a  possible  supporting  of  the  chromos¬ 
phere  conditioned  by  sound  waves. 


In  this  case  the  equation  of  hydrostatic  equilibrium  has  the  form 


dp+ d(pu^)  B  pg  dh.  (25) 

IF  ^ 

where  u  '  lo  ihe  speed  of  a  substance  in  a  sound  wave.  Spectroscopically 

this  value  is  the  same  as  the  turbulent  velocity:  giving  rise  to  broadening  of 
lines.  The  question  of  turbulence  in  the  chromosphere  has  been  investigated 
by  A.  B.  Severny  Czsl  and,  with  regard  to  sound  waves,  by  Unno  and 
Kawabata  [sj  .  One  should  note  only  that  the  turbulent  velocity  observed 
by  us  spectroscopically  is  not  equal  to  u  (if  u  is  the  speed  of  a  substance 
immediately  in  front  of  the  wave),  but  is  the  averaged  value,  averaged 
according  to  time  and  direction,  i.  e. ,  it  must  be  several  times  less  than  u 
Cs]  .  The  value  u  increases  sharply  with  height  because  of  a  decrease  in 
density^  and  reaches  10^  cmfsec. 

• 

The  second  term  of  the  right-hand  part  of  equation  (25)  can  be  written  as 


cdF  -  fdc 
- 


(26) 


Then 


F  dc 

dh^  c  dh  "cZ*  dh 


=  pg. 


(27) 


We  equate  the  separate  terms  of  tfie  left-hand  part  of  this  equation: 
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I  isl  _  5- 10-12  I 

c2  dh  10*2  10»  •  .  dh  c  10*^ 

and  ^  8  ZkTNp, 

(Ui  oil 

i.  e. ,  at  any  place  in  the  lower  chromoaphere  dp/dh  >  10^^.  Conaequestly, 
the  damping  of  aonnd  wavea  in  the  lower  chromoaphere  ^oea  not  give  riae  to 
appreciable  change  of  denaity  gradienta.  lai  the  upper  portion  of  tihe  diromoa* 
phere  the  aupporting  by  aound  wavea  ia  important,  apparently,  eapeclalty  in 
the  regiona  of  jtunpa  in  temperature  (term  • 

dh 

The  queation  of  the  apreading  of  ahock  wavea  in  dm  preaence  of  magnetic 
fielda,  and  of  their  diaaipation  la  the  preaence  of  magnetic  fielda  meat  be 
conaidered  aeparately.  Eatimatea  made  ahow,  however,  duit  die  preaence  of 
magnetic  fielda  ia  ami-perturbed  chromoaphere  doea  not  change  ia  an  eaaeatial 
way  the  reaulta  obtained  ia  the  given  work. 

Some  corroboration  of  the  aaaumptioa  made  in  the  preaent  work  cam  be 
obtained  if  we  compare  the  obaerved  output  of  energy  in  Ho  £27,  293  with 
that  which  muat  be  obaerved  according  to  our  calculatioaa.  For  exaunple, 
we  obtained,  at  a  height  of  1500  km,  the  value  Tw  5200*,  and  emiaaioa  ia 
Ha.  by  calculation  for  1  gr  of  aubatance,  ia  (Table  1): 

£  s  I-  10^  erga/gr*  aec.  (28) 

Abaolute  photometry  of  chromoapheric  liaea,  dme  by  Vyasaaitsia  £27,  2^ 
givea,  for  full  emiaaion  ia  Ha  at  height  h  «  1500  km,  die  vahiea  Ig  $  (h)  *  15.  5 
and  gradient  p*  10'^. 

Solving  Abell'a  equation£263  we  can  obtain  emiaaioa  of  1  cm^  at  a  height 
1500  km  aa: 

J(hl  - S(h)pH.  ^ 
v2*R© 

which,  in  converaioa  to  1  gr  (the  concentration  of  hydrogen  atoma  at  diia 
height  ia  N  =  12.  0  givea  according  to  Figure  5),  givea 

E«v3-  10^  erga/gr*  aec.  (29) 

Value  (29)  ia  found  to  be  in  quite  good  agreement  widi  value  (28). 

Summarising  all  we  have  raid  before,  and  omitting  detaila,  we  can 
draw  up  the  following  achematic  preaeatation  of  die  atructare  of  the  diromoa  - 
phere  and  of  the  cauaea  of  ita  formation.  We  viaualise  the  aua,  poaaeaaiag 
neither  convective  aoaea.  nor  chromoaphere,  nor  corona.  If,  at  aome 
moment,  convection  begiaa,  then  inevitably  the  chromoaphere  and  the  corona 
muat  emerge,  which  ia  preciaely  what  ia,'  indeed,  obaerved.  hnleed,  in  dm 
upper  portiona  of  the  convection  soaea,  aa  a  reault  of  diiperaioa  of  convective 
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c«lUi  tuT^tMit  motion  bogias,  which  in  ito  turn  givoa  ri*«  to  th«  formation 
of  eomprosaiona  and  rarefaction*,  and  coneequantly  to  gejaeration  of  louad 
wave*,  la  tfia  photoeplieric  layer*  the**  wave*  do  not  experience  dieeipation, 
and  are  epread  upward*.  Upon  riaiag,  the  wave*  are  changed  very  quickly 
into  weak  ehock  wave*.  A*  eoon  a*  the  deneity  become*  •ufficieatly  *mall  the 
wave*  di**ipat*  and  the  energy  diecharged  provide*  an  increaae  in  temperature 
that,  in  it*  turn,  decrease*  the  density  gradient.  The  warming-up  and 
decrease  of  density  gradient  will  proceed  until  an  instability  occur*  in  the 
temperature  and  density  at  which  is  achieved  a  balance  between  the  energy 
diediarged  and  the  energy  carried  off.  Such  a  balance  is  provided  at  various 
height*  by  various  emission  mechanism*.  In  the  lower  layer*  there  is  the 
radiation  of  hydrogen;  in  the  upper  layers  there  is  the  radiation  of  ionised 
helium;  and  finally,  in  die  corona  there  are  the  radiation  of  highly -ionized 
atom*  of  various  metals,  the  re -combinative  radiation  of  hydrogen  and  ionised 
helium,  and  "evaporation"  of  particle*  from  the  coronaCszl .  The  greatest 
discharge  of  energy  takes  place  in  the  corona,  where,  in  ccmncction  witt.  the 
decrease  in  density  and  rise  in  temperature,  the  free  path  of  particles  bccomee 
equal  to  the  length  of  the  sound  wav*  (the  distance  between  fronts  for  shock 
waves).  At  this  height  the  compression  waves  dissipate  completely,  and  in 
•the  higher  layers  the  temperature  of  the  corona  is  maintained  only  because 
of  heat  conductivity.  Thus  the  corona  is  heated  not  by  the  chromosphere, 
as  some  authors  consider,  but  directly.  *  Furthermore,  a  part  of  the  energy 
discharged  in  the  corona  passes  into  the  upper  chromosphere. 

If  the  idea  stated  here  is  correct  then  all  of  the  structure  of  the  chromos¬ 
phere  and  corona  is  conditioned,  on  the  whole,  by  the  value  of  only  one 
parameter  -  the  value  of  the  flux  of  energy  carried  by  sound  (shock)  wave«. 

The  details  of  the  structure  depend,  of  course,  on  the  frequency  of  waves, 
on  the  value  of  the  intensity  of  waves,  etc.  The  value  of  flu*  of  energy.  F, 
is  used  here,  and  values  obtained  for  the  chromos{dicre  are.  of  course,  only 
tentative.  Available  data  <hi  the  mechanisms  of  cooling  of  the  chromosphere, 
of  the  coefficients  of  absorption,  of  the  flux  of  energy,  etc. ,  can  be  used  for 
the  creation  of  a  general  schematic  representation  of  the  chromosphere,  but 
a  model  of  the  chromosphere  can  be  constructed  only  on  the  basis  of  direct 
observations . 

In  conclusion  1  ezpress  my  thanks  to  corresponding  member  of  the 
Academy  of  Science, USSR,  A.  B.  Severny  for  his  useful  discussions  of  the 
manuscript. 

August  1958. 


*  Editor's  note.  Apropos  of  this  see  also  the  article  by  Parker  (Parker, 
Ap.  J..  128,  677.  1958). 


* 
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Caption*  for  Figures 


Fig.  1.  Ionization  of  hydrogan  at  various  tamparaturos  and  coneantratlons, 
according  to  Saha's  formula.  The  dark  Una  shows  tha  assumed 
path  of  ionization  in  the  chromosphere. 

Fig.  2.  Comparison  of  coefficients  of  dissipation. 

Fig.  3.  Comparison  of  energy  carried  off  by  emission  of  hydrogen  in  Ha 
(curve  &  )  and  dissipation  of  energy  by  shock  waves  (curve  E). 

Fig.  4.  Relation  of  temperature  and  concentration  of  hydrogen  in  cold 
regions  of  the  lower  chromosphere. 

Fig.  5.  Dependence  of  density  on  height  in  the  chromosphere.  Continuous 
line  >  data  of  Van  de  H  Ist  [zsj  ,  dotted  line  •  calculation*  of  the 
present  work  for  cold  regions  of  the  chromosphere.  Drawn 
straight  to  gradients  corresponding  to  p  =  6.  56  and  0.  57. 

Fig.  6.  Form  of  shock  wave.  tQ  -  time  interval  between  passage  of  fronts. 

Fig.  7.  Propagation  of  sound  waves  in  shock  waves. 
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